Abstract. Taking advantage of 9 years of the CHAMP (CHAllenging Minisatellite Payload) satellite mission (June 2000-August 2009), we investigate the temporal evolution of the observatory monthly magnetic biases. To determine these biases we compute X (northward), Y (eastward) and Z (vertically downward) monthly means from 42 observatory 1 min values or hourly values, and compare them to synthetic monthly means obtained from a G field model (Lesur et al., 2015) . Afterwards, the average of biases at all observatories over 9 years is calculated and analyzed. Both the long-term trends and short-period variations (hereafter variations) around these averages are then investigated. The simple oscillatory pattern of , found at all observatories and in each component over the entire considered period, indicates that the crustal field has not changed. A comparison with both MAGSAT and Ørsted biases given for epochs 1979.92 and 1999.92 which are based on 2 single months (November and December) of MAGSAT and Ørsted satellite data, respectively, further shows that the crustal field has probably remained constant over last 3 decades. The long-trend seen in reflects the changes within the solar cycle 23. The short period variations observed in the time series are related to the external field. The amplitudes of these variations are found to be in phase with solar cycle periods, being remarkably larger over 2000-2005 than 2006-2009. Furthermore, clear semi-annual variations are observed in , with larger extremes appearing mostly around October and November, and around May and June of each year in X, and vice versa in Y and Z. A common external field pattern is found for the European monthly biases. The dependence of the bias monthly variations on geomagnetic latitudes is not found for non-European observatories. The results from this study represent a base to further exploit the magnetic biases computed for observatories and repeat station locations together by using data from the new satellite mission Swarm.
Introduction
Measured at any point on Earth's surface the magnetic field is a combination of several magnetic contributions generated by various sources. These fields are superimposed on and interact with each other. A dominant part of Earth's magnetic field, the core field (Jacobs, 1987; Merrill et al., 1998) , is internal in origin and is due to the electric currents in Earth's outer fluid core. This part of the field varies over timescales of some months to decades and longer. The crustal field, related to the remanent and induced magnetization of rocks within the crust (e.g., Mandea and Thèbault, 2007) , is also internal in origin. The magnitude of the crustal field varies from fractions of nanoteslas (nT) to hundreds of nanoteslas but can reach values as high as several thousands of nanoteslas. The external fields are produced by ionospheric and magnetospheric current systems (e.g., Campbell, 2001) . The values of those fields at Earth's surface are of a few tens of nanoteslas and even of a few hundred to thousands of nanoteslas during magnetic storms. The external fields vary in time with periods from less than a second to the well-known solar cycle (∼ 11 years) and its harmonics. For an accurate determination of the core field and its temporal variation, it is essential to use geomagnetic observatory data, reprocessed for reflecting as well as possible the core contribution. Thus, contributions of other sources have to be determined and taken into account. Note that omitting the possible crustal field contributions may already lead to errors of about 10 % of the field for the large scales (Langel and Hinze, 1998) .
Over the last years two different methods have been used to determine the observatory biases. One is to estimate the biases directly as additional unknowns during the fitting process when inverting observatory and satellite data for a spherical harmonic model (Langel et al., 1982; Sabaka et al., 2002) . The other method is to compare the magnetic components measured at the observatory to values predicted by a model obtained from satellite data only (e.g., Gubbins and Bloxham, 1985; Bloxham and Gubbins, 1986) . Most of the published biases are related to specific epochs, being computed from 1 or several months of satellite data (Mandea and Langlais (2002) and the references therein). Nevertheless, some studies also investigated the temporal changes of the observatory biases over longer periods, by comparing the observatory annual means with models that cover different epochs (Verbanac et al., 2007a) .
In this study we analyze monthly observatory bias evolutions of the X (northward), Y (eastward) and Z (vertically downward) magnetic components at 42 observatories. We focus on any temporal changes in the biases and examine their evolution over several years to 3 decades (long-term trends) as well as their variations on a timescale of a several months to 1 year (short period variations). We consider that the longterm trends (changes in the crustal magnetization or induction effects in the lithospheric conductivity anomalies) are likely internal in origin, while the short term variations are related to the external field contribution. The influences of the different phases of the solar cycle 23 on the observatory biases are also examined.
The paper is organized as follows. After this introduction, Sect. 2 describes the theoretical framework of this study and the considered approach to analyze different signals contained in the monthly observatory biases over the 9 years of the CHAMP (CHAllenging Minisatellite Payload) satellite mission (June 2000 -August 2009 ). These monthly observatory biases are calculated by comparing the observatory data to the core field predictions given by the G model (Lesur et al., 2015) . In Sect. 3 the used data sets are described. Afterward, we present the obtained results and a comparison with biases based on 2 months of MAGSAT and Ørsted satellite data, related to the 1979.92 and 1992.92 epochs. Conclusions are given in the last section.
Method
We consider that the geomagnetic field at a given time and observatory location, B obs , can be represented as the vector sum:
where B m is the main (core) field, B c, rem is the remanent crustal field, B c, ind is the induced crustal field of both internal and external origin, B e is the external field and B err are other contributions, which contain any kind of possible contribution and data errors.
Since it is difficult to make a separation between the remanent and the induced crustal field (Lesur and Gubbins, 2000) we refer to the sum B c, rem + B c, ind as the crustal field, B c . Now, we define the observatory magnetic bias B bias as
where contains influences from the external field and from errors in the input data ( = B e + B err ).
With the assumption that in the geomagnetic core models obtained from satellite data the effects of both external and crustal fields are minimized as much as possible, we compute the observatory biases (X bias , Y bias , Z bias ) as differences between the magnetic components measured at a given observatory (X obs , Y obs , Z obs ) and the same components calculated at the observatory location from a satellite-based model (X m , Y m , Z m ). The analyzed magnetic field components are given in geodetic coordinates and the described method is applied to monthly means of all three components.
To examine the temporal variability of both bias terms as given in Eq. (2) we apply the following steps. We first compute the average of the bias for each observatory over the studied period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) and analyze the temporal variations around the average bias. Two different types of temporal variations around the average bias are possible: (1) simple oscillatory pattern and (2) long-term changes around the average bias. The first kind of variation indicates that B c does not change within the studied time span. In this case, the average of bias is a good measure of the crustal field over 9 years studied and the variation around average bias corresponds to . The second type of variation suggests that B c has indeed changed over the considered time. Now, the sum of the average bias and long-term trend in the variation around average bias would be a representative measure of the crustal field. Then, the remaining variations around the crustal field corresponds to . After performing this analysis, we further examine the long-term trend in related to the solar cycle phases, as well as the remaining short-period variations in connected to the external field.
Data sets
One data set consists of the monthly means computed from the available continued measurements at magnetic observatories, from June 2000 to August 2009. For all 42 geomagnetic observatories, the monthly means are calculated from 1 min values or hourly means when the 1 min values are not available.
The initial data sets were obtained from INTERMAGNET (http://www.intermagnet.org) and WDC Edinburgh (http:// www.wdc.bgs.ac.uk). We have checked the availability, quality and continuity of the observatory data over the studied pe-riod. Monthly means have been calculated only if more than 90 % of the 1 min or hourly values are available, ensuring the reliability of our final monthly means data set. All changes in the observatory locations and data discontinuities (jumps) reported in their annual mean values are taken into account by adjusting the geomagnetic measurements to the level of the most recent epoch. The correction values obtained from the British Geological Survey (http://www.geomag.bgs. ac.uk/data_service/data/annual_means.shtml) have been applied to the following observatories: EBR, ESK, HLP, LER TRO, WNG, NVS, and PPT.
The second data set is based on synthetic monthly means estimated for the same observatory locations and for the same time span as above from a magnetic field model, here G model. This model is entirely based on data provided by the CHAMP satellite. We have used the internal field descriptions up to the spherical harmonic degree and order of 14.
Results
In the following we present the results on the monthly biases temporal evolution, the biases estimated as described in Sect. 2.
Average observatory biases
We first compute the average of the bias for each observatory over 9 years (June 2000-August 2009) at different locations. The averaged biases for all considered observatories with the corresponding standard deviations (SD) are indicated in Table 1. The solid line separates the non-European from the European observatories. Most of the averaged biases for all three components are lower than ±200 nT. Generally, for X and Y components the observatories are characterized by low biases, and for the Z component by larger biases. Three observatories have large biases in all components -LRV, PPT and SBA. The maximum bias in both X and Z appears at SBA (−2204 and −3748 nT, respectively), and in Y at PPT (−1039 nT). Let us note here that the European CM4-based biases averaged over 42 years are also typically lower than ±200 nT, and the largest values are again found in Z (Verbanac et al., 2007a) .
Variations around the average observatory biases
We further examine both the long-term trends and the remaining short-period variations around the average observatory biases, at all observatory locations. In Fig. 1 we show two examples of monthly bias time series at the NGK (Fig. 1,  top) and KAK (Fig. 1, bottom) observatories. The average of each component bias is shown as a dashed line to emphasize the type of variations around the mean value. Note that the vertical scales are not the same, due to the large differences among averaged biases.
The simple oscillatory pattern around the average biases are observed in all bias time series, indicating that the crustal field has probably not changed over the considered time. This allows us to conclude that the computed average biases reflect the crustal field local contributions, B c . Thus, the variations around the average observatory bias at an individual location can be equalized with . In the following we focus on time series.
In all time series, we notice the trend related to the solar cycle. The observed trend reflects the general state of the heliosphere, namely the decrease of the interplanetary magnetic field ( The variation patterns at neighboring observatories are remarkably similar, although the averaged biases are often very different, indicating the homogeneous external field contributions within a pretty small region. In order to search for common patterns and find possible regional effects, we need to consider a region that is densely covered by geomagnetic observatories; we chose a region between 40 and 70 • geomagnetic latitude and between 90 and 120 • geomagnetic longitude. In the following we focus on the European observatories only (see the last 16 observatories listed in Table 1 ) and investigate in detail the temporal evolution of . We display the monthly over the 9 years in form of a color-coded matrix for each component (Fig. 2) . The observatory (lines of the matrices) are ordered by geomagnetic coordinates, with the most northern one at the top. To underline any pattern on short timescales, the color scale is limited to 20 nT, the stronger trends appearing as changes from dark blue to dark red or vice versa, without information about the real magnitude. Clear semi-annual variations can be noticed, with larger extremes that appear mostly around October and November, and around May and June of each year. declining phase of solar cycle 23, from 2006 to 2009, the semi-annual variations are highly reduced.
Comparison with MAGSAT and Ørsted biases
As the computed average biases represent suitable estimations of the local crustal field over 9 years, we can compare them with MAGSAT and Ørsted based biases calculated by Mandea and Langlais (2002) for 39 observatories common to both studies. We aim to gain a better understanding of the possible crustal field changes over a longer time (3 decades). Since MAGSAT and Ørsted biases are given for epochs 1979.92 and 1999.92, respectively, we further compute average biases over the studied period by using only those based on MAGSAT and Ørsted data, the differences between them being within the range of the SD of averaged biases. At the NVS observatory, biases at 1979.92 and 1999.92 epochs differ significantly from our averaged biases. We have found that the larger disagreement found at PPT is due to a discontinuity in data in 2002.2 and, to correct that, we have applied the corrections of 221, 94, and 479 nT in X, Y , and Z, respectively. Furthermore, we have noted that the biases at PPT are important because in the vicinity of the sensor there are large spatial gradients in the magnetic field. At some observatories the differences between biases are about 10 nT larger than the SD of averaged bias values. Most of them are found in Z. Let us underline that for some of these observatories (e.g., ABG, FCC) MAGSAT and Ørsted biases, calculated by Mandea and Langlais (2002) , differ from those published by other authors (e.g., Langel et al., 1982; Gubbins and Bloxham, 1985; Bloxham and Gubbins, 1986; Langel, 1987) . Several possibilities can be invoked to explain these differences in biases: a different core field description by geomagnetic models, different methods and different observatory coordinates used in the previous studies, data errors or likely real changes in the crustal magnetization.
Conclusions
When using the observatory data for the core field modeling, it is crucial that the observatory biases are accurately determined and thereafter applied to the raw data. To study the ob- servatory biases' temporal evolution over 9 years (from 2000 to 2009), we compute the monthly biases at 42 observatories by comparing the observatory data to the core field predictions given by the G model, entirely based on the CHAMP satellite data. We focus on both long-term trends and shortperiod variations in biases. For all components at each observatory we compute the average of biases over 9 years and analyze the variations around these averages. Finally, the comparison with MAGSAT-and Ørsted-based biases computed for epochs 1979.92 and 1999.92 is performed.
The main findings of this study are as follows:
-the simple oscillatory pattern around the average observatory biases indicates that the crustal field has probably not changed over the considered time;
-the computed bias averages are a reliable estimation of B c ;
-the comparison of the average biases computed by using only November and December values of each year with both MAGSAT and Ørsted biases related to epochs 1979.92 and 1999.92, respectively, indicates that the crustal field at different locations has probably remained constant even over the last 3 decades;
-since the larger biases averaged over 9 years are mainly seen in the Z component, and the differences between biases at various epochs are also observed in this component, it seems likely that they may be the signature of an induced magnetic field (a separate study dedicated to this issue is in progressing work);
-variations around the average observatory bias at individual locations can be estimated by ;
-the long-trend seen in reflects the ∼ 11 years of solar cycle influences, related to the general state of the heliosphere; -a common external field pattern is found for European monthly biases; a dependence of the bias monthly variations on geomagnetic latitudes is not found for nonEuropean observatories.
Finally, let us note that the superposition of several signals with varying periods in each of the observatory bias components suggests that the involved processes which create complicated spatial and temporal behavior of biases are far from simple.
We plan to continue this study by investigating a better coverage with geomagnetic observatories over geomagnetic latitudes. A possible improvement would also be to quantify the different magnetic field contributions by applying methods presented in our previous studies (Verbanac et al., 2007a, b) but using monthly biases instead of annual mean biases. With the data from the new satellite mission Swarm and the above proposed extension of our study, we might be able to get a better insight into the temporal evolution of observatory biases, regarding both long-term trends and short period variations.
